INTRODUCTION
For several years we have maintained a colony of pigs with von Willebrand's disease. These animals share all the usually observed hemostatic abnormalities of the deiuce of visceral or infectious disease in anv of the controls or pigs wvith vWd.
18 additioinal pigs were subjected to ain atherogeinic, high cholesterol diet for 6 mo, beginning at the age of 3 11u0. 11 wvere normal control pigs, 5 male and 6 femiale, and(l 7 stuffered from homozygous vWd, 4 male and 3 femlale. All were housed at NMayo Institute Hills Farm anid were fed the siamie diet concurrently. Two pigs bled to death at 3 anid 4 mo, and in each instance a control aiiinial was killed. At autopsy, mean body weights were 105 kg (±30 SD) for the conitrols anid 94 kg (±21 SD) for the pigs with vWd. Mean heart weights were 300 g (+76 SD) for controls anid 270 g (-.59 SD) for animals with vWd. Both body anid heart weights were not significantly differenit (rank sUmIl test) in the controls and animals with vXVd.
Diets (Table I ). The 11 pigs with vWVd in the spointanleous atherosclerosis group received a mixed, grouniid meal, -5()0 g/40 kg body wt. The diet of the 11 control aniimals is uinknvowi since they were raised oIn farms not uilder our supervision.
The controls and pigs with vWld receivinig the atherogeniic diet also were fed -50() g/40 kg body wt. The (liet conitainied cholesterol 2%, tallowv 20%, and hog bile extract 1%.
Laboratory data durinig life. Platelet counits (8) (9) , averaged 31/2 mnii (±2 SD) in controls and were all >15 nminin pigs with XvWN'd. In the colony from which these pigs were selected, Factor V'III coagulant activity (8) by a local adaptationi (10) of the quianititative immunloelectrophoretic method of Laurell (11) and Zimmerman et al. (12) . (14) preceding the high cholesterol diet period, was higher in the controls when compared with animaals with vWd (P < 0.02); this was apparent in the low density lipoprotein fraction (15) (Table II) . When both groups were fed the high cholesterol diet, serum cholesterol increased about fivefold (Table II) and the levels were not significanitlx different between 1)oth groups; it is worth mentioning that one of the conitrol pigs had serum cholesterol and lipoproteini levels that were abhout two-to threefold higher than in the other conitrols and pigs with vWd. Serum triglycerides (16) acnd the corresponding lipoprotein fractions (17) w%ere about the samiie in the controls aind pigs with vWd, before the high cholesterol diet period and when the pigs were fed this attherogenic diet. In both controls aind pigs with vWd, 7(70% of the cholesterol was in the low density lipoproteins and 70% of the triglycerides was in the very low density fraction.
Postmortemrl anralysis. The entire aorta from aortic valve to the abdominilal bifureation was removed and preserved in 10% formnalin. All 22 aortas from the pigs in the spontaneous arteriosclerosis study were analyzed at the same time. The same was true for the 18 tion of plaques was carried out in the following manner. In the spontaneous arteriosclerosis study, since the plaques were multiple and small, the number of plaques and the longest diameter in each of the plaques were recorded. In the atherogenic-diet study, plaques were located in the aortic arch or bifurcation of the aorta (or both). Since they were very extensive, quantitation was done by recording the proportion of the aortic area affected. The proportion of the area affected was measured by cutting it out from a drawing of the aorta and weighing the transparent acetate paper. Gross examination: fatty lesions. After at least 48 h of fixation in formalin, the aortas were stained with Sudan IV by the method of Holman et al. (19) . Two types of lesions became visible-one a flat fatty lesion and the other, raised plaques (20) . In the first type, the stained lesions were not elevated and did not coincide with the raised arteriosclerotic plaques. The proportion of the aortic area involved by these flat fatty lesions was quantitated. In the other type, in which the plaques were raised, the stain did coincide with the arteriosclerotic plaques seen before staining. The raised fatty plaques were homogeneously stained whereas the fibrous plaques were stained more prominently in the periphery.
Microscopic examination. A full-thickness segment, -5 mm2 in surface area, was excised from each arteriosclerotic plaque and each flat fatty lesion. An apparently normal segment was excised near each lesion but on the opposite side, to serve as a control. The tissues were cut as accurately as possible perpendicular to the surface. They were stained with hematoxylin and eosin, with Heidenhain's Weigert-Van Gieson's stain, and with Sudan IV. Histologic sections were photographed at a magnification of x160-400. From these pictures, the thickness of the intima from the surface down to the internal elastic membrane was measlired.
Measurement of endothelial perhiteability and damage.
Evans blue dye, 0.5% solution (wt/vol) in saline, was filtered through the 0.2-,um filter and injected through a cannula into the external jugular vein of four of the pigs on the atherogenic diet (two control and two vWd). 3 h later they were anesthetized with intravenous pentobarbital in a dose of 20 mg/kg body wt. After the abdomen and thorax had been opened, a cannula was placed in the aortic arch and another cannula in a femoral artery. 3% glutaraldehyde, pH 7.2 in 0.1 M phosphate buffer, was perfused into the aortic arch for 25 min under a hydrostatic pressure of 85 mm Hg. The perfusate emerged from the femoral artery. The aortas were then excised from the aortic valve ring to the abdominal bifurcation and carefully removed intact. After rinsing with Puck's saline-G (Grand Island Biological Co., Grand Island, N. Y.), each aorta was opened longitudinally along its ventral surface. It was washed gently with saline, and adventitital debris was stripped off. The proportion of the aortic surface involved by these blue-stained areas was quantitated.
Full-thickness segments, 1 cm2 in surface area, were excised from the blue zones and adjacent unstained areas. Each segment was divided in three. One portion was fixed in 1% OS04, dehydrated through a series of ethanol solutions, and dried from CO2 by the critical-point method (21) .
The dried tissue was coated with 100 A of gold-palladium and carbbn, examined by scanning electron microscopy, and photographed. Particular attention was directed at changes in arterial endothelium. The second portion, also fixed in 1% OS04, was stained en bloc with 2% aqueous uranyl acetate, ethanol dehydrated, and embedded in Epon 812. Sections were examined by transmission electron microscopy and photographed. The third portion was fixed in 10% formalin and sections were stained with hematoxylin and eosin, Heidenhain's Weigert-Van Gieson's stain, and Sudan IV.
RESULTS
Spontaneous arteriosclerosis (Table III). 6 ofthe 11 control pigs had multiple arteriosclerotic raised fatty pla(lues, and 1 pig showed a single plaque of >2 mim in diameter. The larger, multiple plaques were f0und exclusively in the heavier pigs. Intimal thickening over the plaques was 63-130 ,um anid in the neighboring normal areas, 20-64 ,um (Fig. IA, B) . None of the pigs with vWd had multiple plaques. Four had single plaques, but only one plaque was >2 mm in diameter. This decreased incidence and extent of' arteriosclerotic plaques in the pigs with vWd when compared with the controls was significant (P < 0.01, rank sum test). Intimal thickening over the few plaques found in the pigs with vWd was 50-123 ,um, about the same as in the controls, and 19-48 ,um in the neighboriing nornal areas.
Although the presenice of arteriosclerotic pla(ques characterized the controls, an equally striking lesioni characterized the pigs with vWd. This was the flat fatty lesion ( Fig. 2A) . 7 of the 11 aortas from pigs with vWd had such lesions but only onie of the controls. (x400.) of the intima, which measured 27-81 ,um. The arteriosclerotic raised fatty plaques all staiined with Sudan IN' (Fig. 1C ).
Iniduced arteriosclerosis (Table IV Despite the low incidence and extent of arteriosclerotic plaques, the aortas from pigs with vWd showed flat fatty lesions. The aortas of six pigs were involved, the areas of the lesions ranging from 2 to 23% of the total aortic surface area. As in spontaneous arteriosclerosis study, these nonarteriosclerotic lesions were characterized, on light microscopy, by subendothelial infiltration of fat without intimal thickening ,um).
Evans blue staining anid electroni microscopy. When pigs were given Evanis blue intravenously 3 h before death, normal areas of aorta were unstained, certain zones were pale blue, and smaller areas were intensely blue. The pattern of Evans blue staining in the two cholesterol-fed normals and two cholesterol-fed pigs with vWd was distinctly different from that obtained with normal pigs on a normal diet. In these latter animals of comparable age, the Evans blue staining was localized to the aortic arch and ostia of the intercostal arteries.2 In animals on a high cholesterol diet, diffuse Evans blue staining with intensely blue areas associated with fatty lesions was found. The intensely blue-stained areas corresponded precisely with the flat fatty lesions typical of the pigs with vWd and were shown by scanning electron microscopy to be completely denuded of endothelium (Fig. 3A, B) . Endothelium in the unstained areas of these same pigs was intact (Fig. 3C, D) . Similar correlations between Evans blue stainiing and endothelial damage were noted in aortas from normal pigs; however, in the normal pigs maintained on a cholesterol diet a significantly smaller percentage of the aortic surface showed intense staining with Evans blue. It was found that an average of 8% of the aortas from pigs with vWd had taken up the stain, whereas only 2% was comparably stained in the normal pigs.
DISCUSSION
These investigations have shown a pronounced difference in the incidenice and extent of arteriosclerotic lesions between normals and pigs with vWd whether they were on a normal or a high cholesterol diet. An explanation for these results may lie in the unique nature of the bleeding disorder itself; that is, the hemostatic defect in the pigs with vWd may have protected them from spontaneous or induced arteriosclerosis.
The identified defects in pigs with vWd, and their human counterparts include (1, 22) a long bleeding time despite a normal platelet count, reduced retention of platelets in a column filled with glass beads, a deficiency of Factor VIII coagulant activity, a lack of Factor VIII aintigenic material, an inability for platelets to aggregate when the antibiotic ristocetin is added to platelet-rich plasma, and a lack of a ristocetin cofactor (von Willebrand factor) in the plasma. Although these attributes of vWd have not been correlated into a unified, fully satisfactory hypothesis, the consensus is something as follows: The ristocetin cofactor in plasma (von Willebrand factor) is closely allied with, or identical to, antigenic Factor VIII (3). This protein is created by normal endothelial cells and seems to be important in the normal interaction between platelets and damaged endothelial cells (23, 24) . When the von Willebrand factor is lacking, few platelets are retained in glass bead columns (25) and platelets adhere poorly to subendothelial tissue (26) , and as a result the bleeding time after a puncture wounid is prolonged (27) . 
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.. ,40S. The necessary bonding between platelets and damaged vessels to staunch bleeding may furnish a new clue to the origin of arteriosclerosis. In experimental arteriosclerosis induced by removing the endothelium, platelets initially adhere to denuded subendothelial tissue and undergo intracytoplasmic degranulation. This is followed by intimal migration and proliferation of smooth muscle cells (28) . Actually, platelets are believed to release a mitogenic factor that stimulates proliferation of smooth muscle cells; and in fact, smooth muscle cells cannot grow in tissue culture wheni the serum is derived from platelet-free plasma. Serum from clotted platelet-rich plasma supports cell growth effectively (29 (33) to prevent arteriosclerosis in rabbits fed an egg yolk diet whereas increased arteriosclerosis accompanied experimental thrombocytosis (34) .
In the light of these findings, we will now consider the situation in pigs with vWd. If the platelets cannot effectively adhere to subendothelial surfaces (24, 26) , the animals are functionally "thrombocytopenic". Further, if such adherence is a necessary first step in the generation of arteriosclerosis (28) (29) (30) , the animals' life-threatening hemostatic defect may be a lifepreserving vascular phenomenon. Our results indeed suggest that pigs with vWd are resistant to the development of spontaneous arteriosclerosis and of arteriosclerosis induced by a high cholesterol diet. These animals, however, are prone to develop nonproliferative, nonarteriosclerotic intimal fat infiltration with extensive alterations to overlying endothelium as evidenced by uptake of Evans blue dye and by scanning electron microscopy.
Our observations2 on the location of Evans blue staining in aortas from normal pigs maintained on a normal diet is consistent with the study of Somer et al. (35) . However, the pattern of Evans blue staining obtained in our studies with cholesterol feeding was more extensive, particularly in the aortas from pigs with vWd where it coincided with the location of the flat fatty lesions. This finding suggests that cholesterol feeding significantly alters aortic permeability in both normals and pigs with vWd. The precise nature of the alteration in permeability remains to be determined, but the correlation we have noted between uptake of Evans blue dye and endothelial cell damage suggests a direct effect of cholesterol at the endothelial cell level. This suggestion is consistent with observations in cholesterol-fed animals made by other investigators (6, (36) (37) (38) . Davies et al. (39) have recently presented evidence that damage to arterial endothelium overlying fatty lesions may occur during specimen preparation and alcohol dehydration. Such alterations include a disruption in the typically confluent cellular pattern through the appearance of surface tears and disruptions in cell outline. Most of the irregularities described by Davies et al. (39) were focal in nature and differed, ultrastructurally, from those reported here and in previous reports (38, 40) .
We can offer a speculative explanation for all of these findings. In normal pigs, endothelial injury presumably due to hemodynamic and rheologic factors (41) (42) (43) (44) 35) and also that induced by a high cholesterol diet (6, (36) (37) (38) might attract platelets to adhere to the arterial surface. As suggested by several investigators (28) (29) (30) 45) , the platelets may then promote the development of the intimal hyperplasia seen in the early arteriosclerotic plaques. In addition, the adherence of the platelet to the arterial surface in the normal animal may help to repair the endothelium and reduce its permeability (46) (47) (48) (49) . But in the pig with vWd, intimal hyperplasia or arteriosclerotic plaques would not develop, because the platelet does not adhere (50) . In addition, because of the lack of platelet-arterial wall interaction, endothelial integrity might not be restored and permeability might be increased, and this would allow the fat to accumulate in the intima.
It is important to recognize that there may be other explanations for the arteriosclerosis-sparing phenomenon described in the pig with vWd. In the retrospective spontaneous arteriosclerosis study, the body weight was higher in the controls than in the pigs with vWd. This might be due to some differences in the diet, since the control animals were raised on farms not under our supervision; accordingly, a dietcontrolled prospective study of spontaneous arteriosclerosis is now in progress. We doubt, however, that the arteriosclerosis-sparing phenomena in pigs with vWd is due to differences in body weight, since in the diet-induced arteriosclerosis study the body weight was similar between the control and the animals with vWd.
Another factor that must be considered is the serum cholesterol, because the level preceding the dietinduced arteriosclerosis study was higher in the control pigs than in the pigs with vWd. During the high cholesterol diet, however, the serum cholesterol levels were not statistically different in the two groups of animals. Moreover, there was no statistical correlation between the cholesterol level and the incidence and extension of arteriosclerosis; thus, the control pig with the highest cholesterol level had less extensive arteriosclerotic disease. Blood sugar and blood hematocrit were also tested in both groups of animals and were not significantly different. Blood pressure was not recorded because for accurate readings in pigs, arterial cannulation is necessary and this would endanger our bleeder animals.
Lastly, we have considered the possibility that the aortas of the pigs with vWd are genetically less responsive to the induction of arteriosclerosis than are aortas from normal pigs; thus, we have initiated a series of aortic cross-transplantation studies between the normals and the animals with vWd to investigate this explanation of our findings.
Little information is available as to the incidence of arteriosclerosis in human vWd. Silwer et al. (51) investigated three cases at autopsy and found atherosclerosis in all three. In one case the bleedinig diathesis was mild and the patient had been severely hypertensive for 10 yr. In the second, no coagulation data were furnished. In the third, the patient exhibited only minute arterial yellow deposits. Since patients with mild vWd have some von Willebrand factor in their plasma, their situation probably cannot be compared with the homozygous porcine disease in which no von Willebrand factor can be detected at all.
